What is the role of metachronal and synchronous sliding in sperm flagellar motility?
Introduction
Oscillatory metachronal and synchronous sliding of doublet microtubules generate sperm flagellar motility in bull spermatozoa divested of their plasma membrane and midpiece mitochondrial sheath by Triton X-100 and dithiothreitol (Ishijima, 2016) . The metachronal sliding propagates around the axoneme circumferentially from one doublet to another along the axoneme, whereas the synchronous sliding takes place synchronously throughout an extended region along doublet microtubules (Fig. 1) . Therefore, the coordination between these sliding modes leads to various types of sperm flagellar motility, including planar or helical bending in sea urchin spermatozoa (Ishijima, 2013) and hyperactivated motility in mammalian spermatozoa (Ishijima, 2015) .
Metachronal and synchronous sliding have been studied previously by measuring the shear angle at each point along the flagellum (Brokaw, 1979; Gibbons, 1982) . However, the information obtained experimentally about these sliding modes is limited; therefore, their roles in sperm flagellar motility remains unclear. To clarify the role of the metachronal and synchronous sliding in sperm flagellar motility, it is necessary to study quantitatively the changes in these sliding modes. For this purpose, mammalian spermatozoa are an excellent model because they change their motility remarkably during hyperactivation (Ishijima et al., 2002 Ohmuro and Ishijima, 2006; Kaneko et al., 2007) . Biochemical analyses of hyperactivated motility utilizing demembranated spermatozoa defined the factors that induce hyperactivation: the large asymmetrical flagellar movement observed in the early stage is induced with a high Ca 2+ concentration and the large symmetrical flagellar movement in the late stage is generated with low Ca 2+ and high cAMP concentrations Ishijima, 2015) . Furthermore, hyperactivated motility is adequately explained by the sliding behaviors of the doublet microtubules: the large asymmetrical flagellar movement is generated by the large sliding of a specific pair of the doublet microtubules, whereas the large symmetrical flagellar movement is produced by the large sliding of most pairs of the doublet microtubules (Ishijima, 2015) . In the present study, detailed analysis of the shear angle of flagellar motility of golden hamster spermatozoa was performed to estimate the amount of metachronal and synchronous sliding of the doublet microtubules exhibited by activated, hyperactivated and acrosomereacted spermatozoa. In addition, the sliding pattern of the doublet microtubules of sperm flagella was observed using the spermatozoa divested of their plasma membrane and midpiece mitochondrial sheath by Triton X-100 and dithiothreitol to detect the metachronal and synchronous sliding. Digital image analysis of the sperm flagellar motility revealed that metachronal and synchronous sliding were involved in the generation and modulation of sperm flagellar motility; however, two types of large synchronous sliding, non-oscillatory and oscillatory synchronous sliding, contributed effectively to the modulation of the sperm flagellar motility.
Materials and Methods

Chemicals
Hypotaurine, (-)epinephrine, sodium taurocholate, sodium metasulfate and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (Hepes), EDTA and [ethylenebis(oxyethylenenitrilo)] tetraacetic acid (EGTA) were purchased from Dojindo Laboratories (Kumamoto, Japan). Bovine serum albumin (BSA; fraction V) was purchased from Merck KGaA (Darmstadt, Germany). Other reagent-grade chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Collection and preparation of spermatozoa
Spermatozoa were obtained from the caudal epididymis of five sexually mature male golden hamsters (Mesocricetus auratus). The hamsters were housed in accordance with the guidelines of the Dokkyo Medical University, the Toin University of Yokohama, the Laboratory Animal Research Center in Dokkyo Medical University, and the Toin University of Yokohama for the care and use of laboratory animals.
Hyperactivated spermatozoa were prepared according to the method described previously (Fujinoki et al., 2006) , using modified Tyrode's albumin lactate pyruvate (mTALP) medium [101.02 mM NaCl, 2.68 mM KCl, 0.36 mM NaH 2 PO 4 , 1.8 mM CaCl 2 , 0.49 mM MgCl 2 , 35.7 mM NaHCO 3 , 4.5 mM glucose, 1 mM sodium pyruvate, 9.0 mM lactic acid, 0.5 mM hypotaurine, 0.05 mM (-)epinephrine, 0.2 mM sodium taurocholate, 5.26 μM sodium metasulfate, 0.1 mM EDTA, 0.05% (w/v) penicillin G, 0.05% (w/v) streptomycin sulfate, and 15 mg/ml BSA; pH 7.4 at 37°C under 5% (v/v) CO 2 in air]. An aliquot (~5 μl) of caudal epididymal spermatozoa was placed at the bottom of a culture dish (diameter, 35 mm) and was gently overlaid with 3 ml of the mTALP medium, followed by incubation for 5 min to allow spermatozoa to swim up. The spermatozoa obtained swam vigorously in the mTALP medium and were called activated spermatozoa (Yanagimachi, 1994) . The activated spermatozoa were placed on a new culture dish (35-mm dish) and incubated for 4 h at 37°C under 5% CO 2 in air to accomplish hyperactivation. In the late stage of the hyperactivation of golden hamster spermatozoa, the hyperactivated spermatozoa showing the figure-of-eight motility lose an acrosome cap, and these spermatozoa were called acrosome-reacted spermatozoa (Ishijima et al., 2002) .
Sliding disintegration of sperm flagella
An aliquot (~5 μl) of caudal epididymal spermatozoa was placed at the bottom of a 1.5-ml Eppendorf tube and was gently overlaid with 1 ml of the Tyrode's solution (137 mM NaCl, 2.68 mM KCl, 1.8 mM CaCl 2 ·2H 2 O, 0.36 mM NaH 2 PO 4 ·2H 2 O, 0.49 mM MgCl 2 ·6H 2 O, 12 mM NaHCO 3 and 5.6 mM glucose; pH 7.4), followed by incubation for 5 min to allow spermatozoa to swim up.
Sliding disintegration of golden hamster sperm flagella was performed as described previously (Ishijima, 2015 (Ishijima, , 2016 . To remove the plasma membrane and the mitochondria, a 10-μl aliquot of the activated sperm suspension was added to 100 μl of the extraction solution (1% Triton X-100, 0.2 M sucrose, 5 mM DTT, 25 mM potassium glutamate, 0.1 mM EGTA, and 40 mM Hepes; pH 9.5) in a well of a 24-well tissue culture plate and gently stirred; subsequently, the mixture was incubated for 5 min at 23°C. Ten microliter of extracted sperm suspension was transferred to an observation chamber (0.18-mm deep, 20-mm wide and 20-mm long) made of vinyl tape attached to the slide in two parallel strips and then covered with a glass coverslip. The flagellar disintegration by microtubule sliding was achieved by applying 150 μl of the Ca 2+ -buffered reactivation solutions (0.2 M sucrose; 1.0 mM DTT; 25 mM potassium glutamate; 40 mM Hepes; 5 mM ATP; and various concentrations of MgSO 4 , CaCl 2 , and EGTA; pH 7.9) to one end of the observation chamber when the excess fluid was drained from the opposite end with small pieces of filter paper.
Data recording and analysis
At various time intervals after incubation, aliquots of 50 μl of the sperm suspensions were placed on a prewarmed observation chamber and the trough was then covered with a glass coverslip. The flagellar movement of golden hamster spermatozoa was observed using an Olympus phasecontrast microscope (IX70, Olympus Corp., Tokyo, Japan) equipped with a LWD universal condenser (IX-LWUCD), UplanFl 4× Ph objective, and 10× eyepieces (Fig. 2) . For recording of the disintegration of sperm flagella by microtubule sliding, a Nikon Eclipse E600FN microscope (Nikon Corp., Tokyo, Japan) equipped with a phase-contrast condenser and 100× DL objective was used. Images were captured directly into the computer hard-drive at the rate of 60 images per second using a Panasonic CCD video camera (WV-BL 730, Matsushita Communication Industrial Co., Ltd., Yokohama, Japan), frame grabber (SIM-PCI, Ditect Co., Ltd., Tokyo, Japan), and image software (Dipp-Motion 2D, Ditect Co., Ltd., Tokyo, Japan). The shutter speed was 1/1000 s for the flagellar movement and 1/ 100 s for the sliding disintegration.
For detailed field-by-field analysis, an individual flagellar image was tracked automatically using the Autotrace module of image analysis software (Bohboh software, Media Land Co., Ltd., Tokyo, Japan) (Ohmuro and Ishijima, 2015) . The obtained coordinate values of the figure) . The resultant helical bends are converted into planar bends by the centralpair microtubules in the 9 + 2 axoneme (Ishijima, 2013) or the attachment of doublet microtubules Nos. 3 and 8 to the fibrous sheath of mammalian sperm flagella (Ishijima, 2016) . (B) Non-oscillatory synchronous sliding occurs synchronously throughout an extended region along the length of the flagellum between a specific pair of doublet microtubules (doublets Nos. 7 and 8 in this figure) , generating bends on one side of the flagellum. (C) Oscillatory synchronous sliding occurs synchronously throughout an extended region along the length of the flagellum between most pairs of doublet microtubules, generating bends on both sides of the flagellum. (Ishijima and Mohri, 1985) . Bar = 50 μm. flagellar shaft were used to calculate the shear angle, which is the angle of the tangent to the flagellar shaft with reference to the central axis of the sperm head and is proportional to the amount of microtubule sliding at any given position along the flagellum. Beat frequency was calculated from the period required for one complete beat cycle. We refer to the flagellar bend that is in the same direction as the curved hook of the sperm head as the 'pro-hook bend', and to that in the opposite direction as the 'anti-hook bend' (Ishijima et al., 2002) . The coordinate values and the shear angle of the pro-hook bends are represented by plus sign and those of the antihook bends are represented by minus sign. The maximum shear angles of metachronal and synchronous sliding were obtained from the mean shear angles between the maximum shear angles of pro-hook bends and the absolute values of the minimum shear angles of anti-hook bends, which represent the amplitude of a set of successive shear angle curves, with 3-12 shear curves covering one beat cycle of sperm flagellar movement. Asymmetry of flagellar waves was expressed by the mean shear angle between the maximum shear angle of pro-hook bend and the minimum shear angle of anti-hook bend at 100 μm from the head-midpiece junction.
Statistical analysis
All data are expressed as the mean ± SD. Data were analyzed using one-way ANOVA with Scheffe's post hoc test using SPSS 11.0 J (SPSS Japan Inc., Tokyo). Differences was considered statistically significant when P < 0.05.
Results
Changes in flagellar movement and microtubule sliding during hyperactivation
Tracings of the typical flagellar movements of activated, hyperactivated and acrosome-reacted spermatozoa are shown in Fig. 3A , B and C. The flagellar waves of the activated spermatozoa had small amplitude and were slightly asymmetric about the long axis of the spermatozoa (Fig. 3A) . After~2 h of incubation in the capacitation medium, hyperactivated spermatozoa exhibiting large and extremely asymmetrical flagellar waves appeared, that is, the amplitude of both the pro-hook and anti-hook bends increased, but the amplitude of the former was significantly smaller than that of the latter (Fig. 3B ). This extreme asymmetry of flagellar waves of the hyperactivated spermatozoa changed to nearly symmetrical waves in the acrosome-reacted spermatozoa due to an additional non-uniform increase in the amplitude of the pro-hook and anti-hook bends (Fig. 3C) .
These features of the flagellar movements of the activated, hyperactivated and acrosome-reacted spermatozoa were adequately explained by the changes in the shear angle (microtubule sliding) of these sperm flagella (Fig. 3D , E and F). In the activated spermatozoa, the maximum shear angle of the pro-hook bends changed little along the flagellum, whereas that of the anti-hook bends increased slightly and progressively along the flagellum toward the tip (Fig. 3D) . In the hyperactivated spermatozoa, the shear angle of both the pro-hook and anti-hook bends increased considerably compared to activated sperm flagellar movement, but the shear angle of the anti-hook bends increased to a markedly greater extent (Fig. 3E) . In fact, the asymmetry of flagellar waves (the difference in the shear angle between the maximum shear angle of the pro-hook bends and the minimum shear angle of the anti-hook bends) increased to 1.3 rad (Fig. 3E) . The nonuniform increase in the shear angle of the pro-hook and anti-hook bends led to the large and symmetrical flagellar bends of the acrosome-reacted spermatozoa: the maximum shear angle of the prohook and the minimum shear angle of the anti-hook bends were 4.22 and −4.20 rad, respectively, and the asymmetry of these waves was 0.02 rad (Fig. 3F) , which was smaller than that in the shear angle of the hyperactivated spermatozoa.
Asymmetrical flagellar movement by nonoscillatory synchronous sliding Different growth of the shear angle between the pro-hook and antihook bends during the hyperactivation was summarized in Fig. 4 and Table I . These data suggest that the sliding mechanism underlying the activated and hyperactivated spermatozoa is different from that of the acrosome-reacted spermatozoa.
To clarify the molecular mechanism generating the asymmetrical and symmetrical flagellar movement, the sliding movement of the doublet microtubules of sperm flagella was observed at various concentrations of Ca 2+ . Two features were found in the patterns of microtubule sliding movement: (i) the thick fiber of several doublet microtubules was initially extruded from the side of the sperm flagellum opposite to the tip of the sperm head (Fig. 5A) ; additional fibers then slid out from the side of the flagellum opposite to that of the first extruded fiber, particularly at a high Ca 2+ concentration and (ii) the sperm flagella nearly simultaneously disintegrated into the doublet microtubules, particularly at a low Ca 2+ concentration (Fig. 5B) .
Nonuniformity of the sliding movement of doublet microtubules most likely generates the asymmetrical flagellar movement observed in the activated and hyperactivated spermatozoa, whereas the sliding by most doublet microtubules forms the symmetrical flagellar movement in the acrosome-reacted spermatozoa, as previously identified in bull spermatozoa (Ishijima, 2015) . Furthermore, the doublet microtubules slid entirely off the sperm flagella (Fig. 5) , demonstrating that the extrusion of the doublet microtubules occurs synchronously, as also previously identified in bull spermatozoa (Ishijima, 2016) . To distinguish two types of synchronous sliding, non-uniform sliding of the doublet microtubules is referred as non-oscillatory synchronous sliding and sliding of the majority of doublet microtubules is referred as oscillatory synchronous sliding because the sliding by so many doublet microtubules generates not only a pro-hook bend but also a anti-hook bend.
Changes in metachronal and oscillatory synchronous sliding of doublet microtubules during hyperactivation
Direct observation of the microtubules whilst sliding demonstrated that asymmetrical flagellar movement was generated by the nonuniform sliding of the doublet microtubules, that is, the non-oscillatory synchronous sliding throughout an extended region along one doublet.
To further elucidate the molecular mechanism of microtubule sliding of the symmetrical flagellar movement, the symmetrical shear angle curves (Fig. 6A , B and C) were obtained by subtracting the asymmetrical component of the shear angle from the original, asymmetrical shear angle curves (Fig. 3D, E and F) . The amount of microtubule sliding at the middle region of the flagellum apparently increased during the hyperactivation. However, the observed patterns of the microtubule sliding movement of sperm fla- Figure 4 Asymmetry of flagellar movement of the activated, hyperactivated and acrosome-reacted spermatozoa. The asymmetry of flagellar movement was expressed by the mean shear angle between the maximum shear angle of pro-hook bend and the minimum shear angle of anti-hook bend of sperm flagella at 100 μm from the headmidpiece junction. Vertical bars represent standard deviations. Results from three experiments were averaged. The number of spermatozoa measured is 15 activated sperm, 22 hyperactivated sperm and 20 acrosome-reacted sperm. Significant differences were found among the activated, hyperactivated, and acrosome-reacted spermatozoa. gella indicated the entire length of the doublet microtubules slid synchronously (Fig. 5) . Furthermore, the metachronal sliding must represent a wave of oscillatory sliding with constant amplitude along the length of the flagellum. To satisfy these requirements, the obtained symmetrical shear curves were resolved into the following two components by subtracting the amplitude and phase of the shear angle curves by trial and error: the sinusoidal oscillation of shear angle with constant amplitude (metachronal sliding) (Fig. 6D , E and F) and the constant sliding extending throughout the length of a flagellum (oscillatory synchronous sliding) (Fig. 6G, H and I ). Both metachronal and oscillatory synchronous sliding increased (Fig. 6D-F and G-I) during hyperactivation. However, the increase of oscillatory synchronous sliding of the acrosome-reacted spermatozoa was larger than that of metachronous sliding, indicating that the large and symmetrical flagellar movement of the acrosomereacted spermatozoa is mainly generated by the oscillatory synchronous sliding between most pairs of adjacent doublet microtubules ( Fig. 7 and Table I ).
Sliding velocity as an invariant quantity in sperm flagellar motility
Various parameters of sperm flagellar motility change during hyperactivation (Ohmuro and Ishijima, 2006) . However, sliding velocity of the doublet microtubules remains constant, that is, the beat period of flagellar beating (the reciprocal of the beat frequency) was proportional to the maximum shear angle (Fig. 8A) . The plot of the beat frequency against the maximum shear angle also revealed several essential features of the sperm flagellar motility, that is, the activated sperm motility is a nearly sliding-constant movement and the acrosome-reacted sperm motility is a frequency-constant movement (Fig. 8B) . The sliding-constant movement of the activated spermatozoa was generated by the non-oscillatory synchronous sliding, whereas the frequency-constant movement of the acrosome-reacted spermatozoa was caused by the oscillatory synchronous sliding (Table I) . In other words, hyperactivation is the conversion mode of synchronous sliding from the non-oscillatory synchronous sliding to the oscillatory synchronous sliding under a constant rate of microtubule sliding.
Discussion
Microtubule sliding mechanism underlying sperm flagellar motility Metachronal and synchronous sliding of doublet microtubules generate and modulate the sperm flagellar motility (Ishijima, 2015 (Ishijima, , 2016 . In the present study, the role of the metachronal and synchronous sliding in sperm flagellar motility was ascertained by quantitatively estimating their changes during hyperactivation: both metachronal and oscillatory synchronous sliding were essential for sperm flagellar motility, but the non-oscillatory synchronous sliding was unnecessary for generation of the symmetrical flagellar movement (Fig. 4 and Table I ). In other words, the role of the non-oscillatory synchronous sliding was to make the asymmetrical flagellar movement by enhancing the sliding of a specific pair of doublet microtubules.
Asymmetrical flagellar movement is observed in the spermatozoa from various species; therefore, the flagellar movement with a slight degree of asymmetry is more physiological. In fact, the chemotactic response of the spermatozoa (Yoshida and Yoshida, 2011) and the hyperactivated motility of mammalian spermatozoa (Yanagimachi, 1994; Ishijima et al., 2002) involve asymmetrical flagellar movement and are regulated by the intracellular concentration of free Ca 2+ .
For the regulation of asymmetrical flagellar movement, the biased baseline model is proposed from classic studies using sea urchin spermatozoa (Brokaw, 1979; Eshel and Brokaw, 1987) . This model explains the asymmetry of flagellar movement by the presence of a static bend near the base of the flagellum. As mentioned above, asymmetrical flagellar movement of mammalian spermatozoa results from active microtubule sliding; therefore, the biased baseline model cannot explain the asymmetrical flagellar movement of mammalian spermatozoa.
Symmetrical flagellar motility by metachronal and oscillatory synchronous sliding of doublet microtubules
The present study clarifies the significance of oscillatory synchronous sliding in sperm flagellar motility, it shows that metachronal and oscillatory synchronous sliding are both essential for the generation of sperm flagellar motility as well as for the regulation of flagellar movement. This finding leads to the elucidation of the microtubule sliding mechanism underlying the flagellar and ciliary movement.
Mechanisms that have been proposed by computer simulations of the beating pattern of real flagella on the basis of postulated regulatory mechanisms have been of two general types: curvature control hypothesis (Brokaw, 1971 (Brokaw, , 1985 Lindemann, 1994; Sartori et al., 2016) and sliding control hypothesis (Murase, 1991; Riedel-Kruse et al., 2007) . In the curvature control hypothesis, the curvature of a flagellar bend switches from one doublet microtubules to another. The 'geometric clutch hypothesis' of Lindemann (1994) is classified as the curvature control hypothesis because the transverse force that changes the spacing of the doublet microtubules and subsequently alters the doublet microtubules is a function of the local curvature. In the sliding control hypothesis, the activated doublet microtubules change when the amount of microtubule sliding is beyond the critical displacement. According to these definitions, the existence of oscillatory synchronous sliding throughout the length of a flagellum unlikely allow the microtubule sliding to regulate the flagellar movement by the curvature of flagellar bends because the oscillatory synchronous sliding is independent of the flagellar bends. In fact, the oscillatory synchronous sliding expected in the present study has been proved by the direct observation of the microtubule sliding extruded from the sperm flagella in the absence of the flagellar bends (Ishijima, 2016) . Therefore, the direct observation of the self-sustained rhythmic sliding movement in partially disintegrated sperm flagella without a bend and quantitative analyses of the microtubule sliding in the present study demonstrate that the flagellar movement is regulated by the microtubule sliding itself. Simple calculation of flagellar force from the moment balance at each point on the flagellum also supports this result, as described below. Flagellar force generated by a spermatozoon can be calculated from the moment balance at each point on the sperm flagellum.
where Ma is the active moment, Me is the elastic bending moment, and Mv is the moment due to the viscous resistance of the surrounding fluid. If a sinusoidal wave
is assumed, where A is the amplitude, λ is the wavelength, and f is the beat frequency, each moment is expressed as follows: where IE is the stiffness of the flagellum and the product of the moment of inertia and Young modulus, c is the drag coefficient per unit length, and ℓ is the flagellar length. Therefore, the flagellar force is calculated from Ma = − Me − Mv by substituting the above expressions and differentiating Ma with respect to x.
This simple calculation indicates that the flagellar force generated by a sperm flagellum oscillates in time and consists of sinusoidal function of x plus a constant term in space. Therefore, if the shear angle curves of the symmetrical flagellar movement in the present study may correspond to this flagellar force, the first term corresponds to the metachronal sliding with constant amplitude and the second term corresponds to the synchronous constant sliding. The flagellar force has constant term in space; therefore, it is fundamentally not proportional to the curvature of flagellar bends, as mentioned above. Furthermore, in the present study, the estimated synchronous sliding was larger than the estimated metachronal sliding (Table I) . Therefore, it is confirmed that the microtubule sliding generating the mammalian sperm flagellar motility is not regulated by the curvature of flagellar bends but is controlled by the sliding itself.
The maximum shear angle of metachronal sliding was not constant at the base of the flagellum (Fig. 6F) . These large shear angles (microtubule sliding) were necessary for the constant amplitude of shear angles of the oscillatory synchronous sliding (Fig. 6I) , indicating that there is some sliding (<1.5 rad) at the base of the flagellum. Several papers reported examples of considerable sliding between microtubule doublets at the flagellar base (Vernon and Woolley, 2002; Woolley et al., 2008) . Quantitative estimation of the maximum amplitude of basal sliding between adjacent doublets is in the range 70 −85 nm (Woolley et al., 2008) . Therefore, significant, rhythmic metachronal sliding at the flagellar base must occur at least in the acrosome-reacted spermatozoa.
Microtubule sliding mechanism inducing hyperactivated flagellar motility
The present study demonstrated that different behaviors of the microtubule sliding of sperm flagella work in the sperm hyperactivation, i.e. The straight line is a least squares regression line, given by T = 0.033·θ + 0.041, where T is the beat period and θ is the maximum shear angle. (B) Plots of beat frequency (inverse of the beat period) against the maximum shear angle. The curved line is a least squares regression line, given by (f−2.17)·θ = 13.8, where f is the beat frequency, f = 1/T. Since the product of the beat frequency and shear angle is proportional to the sliding velocity, the sliding velocity of the microtubule remains constant before and after the hyperactivation (Ishijima, 2007) . the large asymmetrical flagellar motility of the hyperactivated spermatozoa is characterized by the large non-oscillatory synchronous sliding, whereas the large symmetrical flagellar motility of the acrosomereacted spermatozoa is indicated by the large oscillatory synchronous sliding. These characteristics of the microtubule sliding in sperm hyperactivation are also supported by the biochemical analyses of the pattern of doublet microtubule sliding extruded from the sperm flagella: the large asymmetrical flagellar movement caused by non-oscillatory synchronous sliding occurs in high Ca 2+ concentration, whereas the large symmetrical flagellar movement by oscillatory synchronous sliding is generated in low Ca 2+ and high cAMP concentrations Ishijima, 2015 Ishijima, , 2016 . These results clarify the sperm hyperactivation to be a biphasic phenomenon comprising the large asymmetrical flagellar movement characterized by large non-oscillatory synchronous sliding in the early stage of the hyperactivation and the large symmetrical flagellar movement characterized by large oscillatory synchronous sliding in the late stage of the hyperactivation.
Constant-sliding velocity
The constant rate of microtubule sliding in golden hamster sperm flagella was clearly shown by the linear relationship between the beat period of flagellar movement and the maximum shear angle before and after the hyperactivation (Fig. 8A) . The constant nature of the sliding velocity of the microtubule sliding has been previously reported in two species, golden hamster (Ohmuro and Mohri et al., 2012) and Suncus (Kaneko et al., 2007) . Therefore, the regulation of beat frequency and flagellar waveform are fundamentally dependent upon each other. Furthermore, plots of beat frequency against maximum shear angle make several important meanings of the sperm flagellar motility clearer (Fig. 8B ). For example, the activated spermatozoa hardly change the maximum shear angle but change beat frequency (Fig. 8B) , indicating that the regulatory mechanism of microtubule sliding in the activated sperm motility is a constant sliding, caused by nonoscillatory synchronous sliding. The sliding-constant flagellar movement of spermatozoa is universally utilized and reported in several species, such as golden hamster (Ohmuro and Ishijima, 2006; Mohri et al., 2012) , Suncus (Kaneko et al., 2007) , and fish (Ishijima, 2012) . The acrosome-reacted spermatozoa beat with a constant beat frequency (Fig. 8B) , indicating that the maintenance of low beat frequency is important for the acrosome-reacted spermatozoa. Furthermore, oscillation characteristics of the two beating modes of the activated and acrosome-reacted spermatozoa clarify the physiological and physical significance of these beating modes. High beat frequency of flagellar movement with constant waveform in the activated spermatozoa, which is a typical example of a limit cycle of non-linear oscillator (Murase, 1992) , ensures the high-speed swimming of the spermatozoa (Ishijima, 2012) . Contrarily, the hyperactivated and acrosome-reacted spermatozoa, particularly the acrosome-reacted spermatozoa, widely change the flagellar waveform without a change in beat frequency, which is a typical example of the isochronisms of oscillations. The low beat frequency of the flagellar movement has the advantage of attaching to the surface of zona pellucida and of generating the shearing force required for passage through the zona pellucida (Ishijima, 2011) . To summarize, this detailed study of the microtubule sliding of the activated, hyperactivated and acrosome-reacted golden hamster spermatozoa has revealed that both the metachronal and oscillatory synchronous sliding are essential for sperm flagellar motility and the change in mode of synchronous sliding between the non-oscillatory and oscillatory synchronous sliding modulates the sperm flagellar motility.
